Oxygen and carbon isotopic ratios (δ 18 O and δ 13 C) were analyzed for cellulose extracted from tree rings of 5 oak trees (Quercus crispula) and 4 fir trees (Abies sachalinensis) standing in a 1 ha plot of a sub-boreal conifer-hardwood mixed forest, northern Japan. 18 O, the inter-annual variations in δ 13 C did not possess any common trends among individual trees for either Q. crispula or A. sachalinesis, suggesting that the ecological effects, such as spatial heterogeneities in δ 13 C and/or concentration of CO 2 in canopy air and/or competition for light with neighboring trees, regulate the δ 13 C of photosynthetic products in each tree. Seasonal variations of the δ 18 O and δ 13 C within annual tree rings of Q. crispula showed random and cyclic characteristics, respectively. The difference between the annual patterns of δ 18 O and δ 13 C supports the idea that δ 18 O is controlled by some environmental factors, which change from year to year, but δ 13 C is primarily governed by physiological conditions of the tree itself, which repeat regularly in every growing season. The historical variation in δ 18 O of tree-ring cellulose in Q. crispula has negative correlations with those in both of winter and summer precipitation amounts, whereas it does not show any relationship with temperature, probably due to multiple source areas of water vapor for the precipitation at the studied area. Because the δ 18 O of precipitation in northern Japan is positively correlated with air temperature, the correlation between δ 18 O and winter precipitation suggests that, in a year of heavy snowfall, the soil in this forest retains larger amount of lower δ 18 O water derived from snowmelt, which is taken by roots of Q. crispula in summer. On the other hand, the negative correlation with summer precipitation cannot be elucidated by the δ 18 O of rainfall, but must be explained by a higher relative humidity in the growing season in a year of larger summer rainfall. Our results confirm the potential of δ 18 O of tree-ring cellulose to reconstruct past climate in a forest with a heavy snowfall, and suggest the importance of the hydrological knowledge in an atmosphere-soil-plant system for the utilization of treering δ 18 O in paleoenvironmental purposes.
INTRODUCTION
Tree rings are the most important proxies for paleoenvironmental study on land surface, because they contain continuous historical records of very fine time resolutions, which range over hundreds or thousands years not being degraded. For last few decades, isotopic ratios of cellulose extracted from tree ring have been applied to paleoenvironmental analyses. However, among the three elements (C, H, O) of cellulose, relatively little has been known for the δ 18 O, because of the scarcity of δ 18 O data 1998). In the rainy season, the δ 18 O of precipitation decreases in spite of relatively higher air temperature at that time. The poor correlations between the δ 18 O of precipitation and the air temperature are usually caused by seasonal changes in atmospheric circulation pattern (Hoffmann and Heimann, 1997) .
In addition to the δ 18 O of precipitation, relative humidity is thought to affect the δ 18 O of tree-ring cellulose too, because humidity controls the transpiration through leaf stomata, which enriches the δ 18 O of leaf water utilized for photosynthesis (Craig and Gordon, 1965) . Edwards and Fritz (1986) expressed the relationships of the δ 18 O and δD (hydrogen isotope ratio) between the treering cellulose and the meteoric water as two simultaneous equations, and claimed that, by solving the equations, both of the isotope ratios of precipitation and the relative humidity could be reconstructed from the δ 18 O and δD of tree-ring cellulose, based on an assumption that δ 18 O of meteoric waters are linearly correlated with their δD values along a line "meteoric water line" (Dansgaard, 1964) .
As for the effect of relative humidity via the δ 18 O of leaf water, however, DeNiro and Cooper (1989) demonstrated that the δ 18 O values of shoot cellulose is not affected by leaf water at all, but linearly related with the δ 18 O of stem water, by an experiment using potato grown under controlled conditions, and suggested that relative humidity recorded on the leaf water may not influence the δ 18 O of tree-ring cellulose. Hill et al. (1995) also showed that oxygen atoms of carbohydrates in stem tissue are rapidly exchanged with stem water that directly derives from root, before being re-synthesized into cellulose at xylem. Recent field observations, however, have revealed that δ 18 O of tree-ring cellulose is actually affected by the relative humidity in the growing season to a certain degree, although it is mainly controlled by δ 18 O of precipitation (Saurer et al., 1997; Anderson et al., 1998; Robertson et al., 2001) . recently compiled a mechanistic model for interpretation of isotope ratios in tree-ring cellulose, where the fraction of oxygen that undergoes exchange with stem water before cellulose synthesis was estimated as 0.42 by comparison of the modeled and observed δ 18 O of tree-ring cellulose. These facts suggest that the oxygen metabolism may vary corresponding to environmental conditions and/or tree species, and it is not simple to reconstruct the δ 18 O of past precipitation or the relative humidity from δ 18 O of tree-ring cellulose even if using a sophisticated mechanistic model (Anderson et al., 2002) .
Besides the atmospheric circulation and the tree metabolism, there remains other uncertainty for the δ 18 O of tree-ring cellulose such as the influence of soil water dynamics (Tang and Feng, 2001) . Especially in a forest with a heavy snow cover, precipitation in winter may take more than several months to penetrate into the root depths (Robertson et al., 2001) . It is also necessary to investigate within-site and between-species variations of δ 18 O signal in order to clarify whether a small-scale heterogeneity in soil texture and/or root distribution affect isotopic ratios of water assimilated by a tree (Meinzer et al., 2001 ). However, the dendroclimatological studies using δ 18 O have been based on randomly collected few samples, typically one tree per site, until now.
On the other hand, the δ 13 C of tree-ring cellulose has been utilized widely to reconstruct past environmental changes such as annual mean temperature, relative humidity (Lipp et al., 1991; Anderson et al., 1998; Feng, 1999; Schleser et al., 1999; Edwards et al., 2000) and changes in δ 13 C of atmospheric CO 2 due to fossil fuel burning (Kitagawa and Matsumoto, 1993; Feng, 1999) . However, it is also well known that the δ 13 C of tree-ring cellulose is usually affected by many ecological and physiological factors, such as tree ages (Anderson et al., 1998) , diseases of trees (Sakata et al., 2001) and competition with neighboring trees (Buchmann et al., 1997) , especially in a densely populated forest. Therefore, it is interesting to compare δ 18 O and δ 13 C values from the same tree rings and discuss whether the δ 18 O signals reflect a common environmental factor, even in the case that the corresponding δ 13 C value is biased by some ecological conditions. In this study, we measure inter-species and inter- (Kitagawa and Wada, 1993; Ogle and McCormac, 1994; Schleser et al., 1999) , those of δ 18 O have seldom been clarified yet due to a lack of automated analytical system for δ 18 O. Recently, a new method using a continuous flow system, which combines a pyrolysis type of elemental analyzer and an isotope ratio mass spectrometer, was developed to measure oxygen and carbon isotope ratios in organic matter automatically (Werner et al., 1996; Saurer et al., 1998) . Because studies of the within-site and between-species variations and/ or the intra-ring variations in δ 18 O and δ 13 C require a large number of cellulose analyses, this new method is very adequate to the purpose of these studies.
After the certification of the similarity in isotope signals between individual trees, we try to clarify what kinds of environmental parameters control the δ 18 O of tree-ring cellulose in this study area. In contrast with Europe and North America where δ 18 O variations in tree-ring cellulose have been previously reported, the northern Japan is located in a monsoon region. Moreover, Japan Sea located on the northwest side of Japan (Fig. 1 ) makes the hydrological process very unique in coastal areas of Japan Sea including this study site, because the winter monsoon loads a large amount of water vapor from Japan Sea and supplies a heavy snowfall in winter there, although it is usually dry in winter at most of monsoon regions. This characteristic hydrological condition in this study area might produce a unique relationship between climates and δ 18 O of tree rings.
MATERIALS AND METHODS

Climate conditions of sample site
Sample site was located in a natural conifer-hardwood mixed forest in Uryu Experimental Forest of Hokkaido University (44°20′ N, 142°15′ E, 380 m above sea level) in Hokkaido, northern Japan (Fig. 1) . At the study site, mean monthly temperature in July and January during 1956-1989 were 17.7 and -12.1°C, respectively. Mean annual precipitation was 1529 mm. Snow cover season extends over half of year, and maximum snow depth in a year was about 2-3 m. The mean monthly precipitation and temperature from 1956 to 1989 are illustrated in Fig.  2 (from Meteorological Report at Moshiri Observatory at Uryu Experimental Forest (1956 Forest ( -1989 , Hokkaido University). The mean monthly relative humidity was lowest (76.8) in May and highest (86.8) in August, reflecting the seasonal variation in amount of precipitation (Fig. 2) , but it was constantly high throughout a year, compared with other regions having a distinct dry season. Because the meteorological observatory in the experimental forest is located near the sample site of this study (about 5 km apart), we will treat the data observed here as those represent the sample site.
Because northern Japan is surrounded by different types of seas (Fig. 1) , the isotopic ratios of precipitation change depending on the source areas of water vapor, which are determined by atmospheric circulation patterns (Waseda and Nakai, 1983) . In winter when the strong winter monsoon blows southeastward from Siberia, the very dry and cold air mass entrains large amount of water vapor from Japan Sea, where the sea surface temperature is always high due to the inflow of a branch of warm Kuroshio current. A kinetic isotope fractionation occurs during the evaporation of water, because of very large difference of temperature between atmosphere and seawater (Waseda and Nakai, 1983; Mizota and Kusakabe, 1994) , and large amounts of snow characterized by very high deuterium excess values fall along the northwest coast of Japan in winter (Fig. 2) . On the other hand, during the period of summer monsoon, water vapors flow into Hokkaido mainly from Pacific Ocean (Fig. 1) . The water vapor is sometimes accompanied by typhoon, which must have low isotopic ratios (Lawrence and Gedzelman, 1996) in spite of the relatively high air temperature at that time. Although a positive correlation was actually found between seasonal variations in the δ 18 O of precipitation and the air temperature in Hokkaido (Kurita, unpublished data), the situation controlling the δ 18 O of precipitation at the study site may be quite complicated, compared to other high latitudinal areas. 
Tree-ring sampling
In 1982 and 1998, the stand structure and regeneration dynamics were studied in detail in a 1 ha plot in this forest (Takahashi et al., 2003) . Total density of trees (height >2 m) was 752 trees/ha in 1998. Quercus crispula was dominant in the upper canopy layer, while Abies sachalinensis, Acer mono and Acer japonicum were dominant in the sub-canopy and understory layers. Size structures of Q. crispula and A. sachalinensis are listed in Table 1. Tree-ring cores were collected using an increment borer (5 mmø) from all trees >6 cm in a diameter at breast height (DBH) in the 1 ha plot in autumn of 1998. After mounting cores on narrow boards, numbers of tree rings were counted and variations in the tree-ring width were measured under a microscope. Among those samples, 5 (Q. crispula) and 4 (A. sachalinensis) tree-ring cores were selected out from trees higher than 20 m (Table 2) . While the 5 trees of Q. crispula had not enlarged so much during the 16 years from 1982 to 1998, the 4 trees of A. sachalinensis had grown up largely during the same period. In addition, a small wood block was collected from a Q. crispula tree, which is one of the selected 5 trees for core analyses, using a chisel in spring of 2002, to investigate the fine-scale seasonal variability in δ 18 O and δ 13 C.
Sample preparation and extraction of cellulose
The individual rings of each core, including early and late wood, were cut carefully using a thin blade. 50 years rings were cut out from each of two Q. crispula cores, and 12 years rings were taken from each of the other seven cores. The segment of each year ring (5-15 mg) was mounted on the top of a small aluminum block using a synthetic glue, which can be removed by organic solvent (acetone) during the following cellulose extraction, and was sliced by a razor blade using a microtome into thin sections of 20 µm thick those are mixed together and applied for the extraction of cellulose by a modified method of Loader et al. (1997) .
A rectangular segment was cut out from the small wood block in a tree of Q. crispula by a saw, and was carefully sliced into thin sections of 20 µm thick using a microtome along surfaces parallel to the tree rings. Every ten sections were put together into a glass vial as one sample, and applied for cellulose extraction as well as the yearly tree-ring samples. As the result, tree rings for analyses of seasonal variations in δ 18 O and δ 13 C were sampled at 0.2 mm intervals from a section of 8 mm across the period from 1998 to 2001. 
Measurement of oxygen and carbon isotope ratio of cellulose
Extracted α-cellulose from each year ring was analyzed for δ 18 O and δ 13 C using a continuous flow system of a pyrolysis type elemental analyzer and an isotope ratio mass spectrometer (Delta plus XL) (Sharp et al., 2001) . In the pyrolysis furnace packed with glassy carbon, oxygen in organic molecule is quickly converted to CO gas at 1375°C. In the case of cellulose, it has been proven that carbon in the produced CO molecule does not derive from glassy carbon but from cellulose itself . Therefore, the isotopic ratios of CO can be utilized to determine not only δ 18 O but also δ 13 C of the analyzed cellulose. In order to confirm this method for the δ 13 C measurements of cellulose, we compared δ 13 C values for a oak tree obtained by the pyrolysis method with those measured by a conventional combustion type of isotope measuring system (Fisons NA1500/Conflo II/ Delta plus). As shown in Fig. 3(a) , inter-annual variations of δ 13 C measured by the two methods are almost identical, and the pyrolysis method seems to have enough accuracy to clarify the pattern of δ 13 C variations for the tree-ring cellulose. However, the slope of the relationship between those two data sets was not exactly equal to 1 (Fig. 3(b) ), as has been reported by Saurer et al. (1998) , probably due to some contamination of carbon atom from the glassy carbon in the furnace during the pyrolysis. Therefore, we applied a conversion function, δ 13 C combustion = 2.9558 + 1.1187·δ 13 C pyrolysis ( Fig. 3(b) ), for all raw data of δ 13 C measured by pyrolysis, to calculate the δ 13 C values more precisely. δ 18 O and δ 13 C values of samples were calculated by comparison with an isotope ratio-predetermined cellulose standard 
RESULTS AND DISCUSSION
Correlation in δ 18 O variations among different individuals and species
In Fig. 4 , inter-annual variations in the δ 18 O of treering cellulose from 1987 to 1998 were illustrated for 5 trees of Q. crispula (a) and 4 trees of A. sachalinensis (b). Correlations of the inter-annual variations between individual trees for Q. crispula are very high (Fig. 4(a) ; Table 3 (a)). In the case of A. sachalinensis (Fig. 4(b) ; Table 3 (b)), correlation among 4 trees is apparently lower than that of Q. crispula, however, it is relatively higher for the three trees except for As-18. Fifty years δ 18 O variation of a tree of Q. crispula from 1949 to 1998 is well correlated to that of the other tree (Fig. 5) . The well correlated inter-annual variations among different individuals in a forest suggest that the δ 18 O of tree ring is not biased by differences in individual ecological conditions of the trees, but controlled by a common environmental factor. This indicates that δ 18 O is a potentially reliable proxy for a paleoenvironmental study.
Between-species relationship in variations of δ 18 O is more complicated than the relationship among different individuals in the same species. Pattern of the averaged inter-annual variation in δ 18 O from 1987 to 1998 for A. sachalinensis is similar to that for Q. crispula (Fig. 6) . However, there are two important differences. First, the δ 18 O of A. sachalinensis is about 1‰ higher than that of Q. crispula on average. Second, there is apparently a 1-year time lag between the two species. The δ 18 O variation in Q. crispula seems to precede that in A. sachalinensis.
The absolute values of δ 18 O in tree-ring cellulose are controlled by many factors, such as the δ 18 O of soil water, the relative humidity and δ 18 O of the water vapor around leaves, the magnitude of isotope fractionation during photosynthesis and the degree of isotope exchange with xylem water during the biosynthesis of cellulose . Therefore, it is difficult to clarify the factor to make the averaged δ 18 O of A. sachalinensis higher than that of Q. crispula at present. However, if the similarity in two δ 18 O patterns in Fig. 6 is significant, we can infer possible mechanisms to make a 1-year time lag between δ 18 O variations in the different two species, because such a time lag must be caused by some components having a long residence time more than several months. Two possible components can be pointed out.
One is the soil water. Meinzer et al. (1999) reported that larger trees preferentially tap shallower source of soil water than smaller trees in a tropical forest, because tall trees usually spread their roots horizontally in order to stabilize their large body. In an area with no distinct dry season such as the forest in this study, soil waters usually move downward as a piston flow (Tsukamoto, 1992) . Therefore, if the relationship between tree heights and root depths is applicable here, the lag of δ 18 O changes in A. sachalinensis (sub-canopy tree) compared to that in Q. crispula (canopy tree) might be explained by the slow penetration of soil water downward in the unsaturated zone, because A. sachalinensis may tap deeper soil water, whose δ 18 O value is equal to that assimilated earlier at shallower depth by Q. crispula. The speed of soil water penetration is dependent on physical properties of the soil, but the residence time of soil water in the unsaturated zone is usually an order of several months (McGuire et al., 2002) , that might explain the 1-year time lag between two species. Although we do not have any information about root distributions of trees at the study area, the fact that both of the two species (Q. crispula and A. sachalinensis) have potentials to extend their roots to very deep layers in soil (Karizumi, 1979) does not contradict this explanation.
The other component with a long residence time is a reservoir of photosynthetic product in the tree. In winter, deciduous trees reserve photosynthetic products in their roots and/or trunk to produce new leaves at the beginning of next spring. It is also well known that the early wood is produced in spring using the reserved organic matter before extending leaves by deciduous trees including Q. crispula (Komiyama, 1991) . However, this mechanism does not seem to coincide with the lag between the two species, because δ 18 O changes in Q. crispula do not follow but precede those in A. sachalinensis (an evergreen conifer), and most of δ 18 O signals in the reserved organic matter must be cancelled by exchanges with the xylem water during the synthesis of cellulose (Hill et al., 1995) . Fig. 3) 
Correlation in δ 13 C variations among different individuals and species
Contrary to the δ 18 O, δ 13 C values of the tree-ring cellulose differ largely between trees and species (Figs. 
4(c) and (d)), regarding to both of their absolute values and patterns of inter-annual variations (Tables 3(c) and (d)).
From 1994 to 1996, large decreases in δ 13 C were observed in all trees of Q. crispula (Fig. 4(c) ), but there was not any corresponding trend in A. sachalinensis (Fig. 4(d) ). Two time-series of δ 13 C values in Q. crispula during last 50 years also do not coincide with each other (Fig. 5(b) ), although there are several events of positive anomalies and a long-term decreasing trend in δ 13 C, which can be found in both time-series. The long-term decrease in δ 13 C may be explained partly by changes in the concentration and isotopic ratio of atmospheric CO 2 , due to the anthropogenic fossil fuel burning (Kitagawa and Matsumoto, 1993; Feng, 1999) and the growth of the forest itself, which closes the canopy layer interfering the downward light penetration and accumulating the low δ 13 C of CO 2 derived from plant and soil respiration in the canopy air (Buchmann et al., 1997) . In the time series of Qm-280 (Fig. 5(b) ), large negative excursion of δ 13 C that continued over several years occurred frequently until 1981, while the δ 13 C of Qm-106 decreased more smoothly during the corresponding period. Because Qm-280 (23.0 m height) is slightly smaller than Qm-106 (24.5 m height: the highest tree in the 1 ha plot), Qm-280 might be influenced by the canopy effects more effectively (Buchmann et al., 1997) . Because the negative excursions of δ 13 C in Qm-280 seem to have occurred irregularly, we must conclude that it is difficult to reconstruct paleo-climatic information from the time-series of δ 13 C in such a densely populated forest as this study area. 
Seasonal variations in δ 18 O and δ 13 C within 4 years tree rings of Q. crispula
In Fig. 7 , seasonal variations in δ 18 O and δ 13 C are illustrated for tree rings of Q. crispula (Qm-106) from 1998 to 2001. It is interesting to note that seasonal variations in δ 18 O appear irregular while those in δ 13 C show a cyclic pattern which increases in the early wood and decreases in the late wood. This seasonal pattern in δ 13 C is very similar to those reported previously for many deciduous trees (Schleser et al., 1999) , suggesting a physiological control of δ 13 C in tree rings of deciduous trees, irrespective of environmental conditions. Kitagawa and Wada (1993) also found a common seasonal pattern of δ 13 C in a conifer evergreen tree, which is reverse to that in deciduous trees and decreases in the early wood but increases in the late wood zone. They attributed this cyclic annual variation of δ 13 C to the seasonal change in the rate of photosynthesis of the tree.
Contrary to the δ 13 C, the irregular seasonal pattern of δ 18 O implies the independence of the δ 18 O of tree-ring cellulose from any physiological controls and the existence of external causes. Of course, some environmental parameters such as air temperature and humidity must show cyclic annual patterns too, which cannot explain the seasonal variation of δ 18 O at once. However, air temperature does not affect the δ 18 O of plant directly but contributes to it through a precipitation event (Saurer et al., 1997) . Seasonal pattern of precipitation events changes from year to year in this study area, and moreover, the soil system in a forest accumulates waters derived from many precipitation events during a period over last several months. Therefore, this irregular seasonal variation in δ 18 O might be interpreted by the soil water dynamics, which has a long memory about past events in local hydrology. 1945 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 1945 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 
Mechanism of inter-annual variation in δ
18 O So far, the inter-annual variation of δ 18 O in tree-ring cellulose has been discussed in relation to the δ 18 O of precipitation and/or the relative humidity in the growing season (Saurer et al., 1997; Anderson et al., 1998; Robertson et al., 2001) . The δ 18 O of precipitation in high latitudinal area is usually determined by the local airtemperature (Dansgaard, 1964) . Unfortunately, we do not have any inter-annual data sets for the δ 18 O of precipitation in Hokkaido at present. However, a positive relationship (δ 18 O = 0.219 × T -10.5(°C)) between seasonal variations in the δ 18 O of precipitation and the air temperature has been observed over one year at a coastal site, about 150 km distant southwestward from the studied forest (Kurita et al., unpublished data; Fig. 1 ). This is a typical trend in northern Japan, although there is not a positive relationship between the δ 18 O of precipitation and the air temperature in southern areas of Japan (Waseda and Nakai, 1983; Araguas et al., 1998) because the atmospheric circulation system around Japan changes dramatically in a year.
In order to clarify a climatic forcing affecting the inter-annual variations in δ 18 O of tree-ring cellulose in this study area, we investigated the linear correlations between those and the historical records of temperature, precipitation amount and humidity observed near the sample site. Figure 8 (a) illustrates correlation coefficients between the averaged δ 18 O of tree-ring cellulose from two Q. crispula and the monthly mean temperature, precipitation amount and mean humidity from 1956 to 1989 (after Meteorological Report at Moshiri Observatory at Uryu Experimental Forest (1956 -1989 , Hokkaido University). Meteorological data from January to September are corresponding to those obtained in the year of the tree ring, but data from October to December are from the preceding year of the tree ring, considering the growth period of Q. crispula in this forest (May to September).
Contrary to the previous reports, there were very little correlations between the δ 18 O and the monthly averaged temperature (Fig. 8(a) ). Because there is not a distinct rainy season in this area and the precipitation is constantly high except for spring (Fig. 1) , the temperature in a particular season might not affect the annual average of δ 18 O of precipitation in a year. The multiple source areas of water vapor around the study site (Fig. 1) and the predominant monsoon system in East Asia might also reduce the correlation between the inter-annual variations of the δ 18 O of precipitation and the air temperature at Hokkaido.
On the other hand, we could find relatively high (negative) correlations with precipitation amounts in both winter and summer ( Fig. 8(a) ). Because the δ 18 O in winter precipitation is low, the negative relationship between the δ 18 O of tree-ring cellulose and the winter precipitation amount can be interpreted as follow. In a year with larger snowfalls in winter, a relatively large amount of low δ 18 O water melting in spring must be retained by the forest soil during the following summer, and Q. crispula uptakes the lower δ 18 O of soil water in the growing season. Contrary to the relationship with the winter precipitation, the negative correlation between the tree-ring δ 18 O and the summer precipitation in July and August (Fig. 8(a) ) cannot be explained by the changes in δ 18 O of soil water, because the summer precipitation has higher δ 18 O value and there must be a positive correlation between δ 18 O of soil water and the precipitation amount in summer. This negative correlation with summer precipitation suggests an effect by relative humidity in the growing season for the δ 18 O of tree-ring cellulose (Burk and Stuiver, 1981; Edwards and Fritz, 1986; Robertson et al., 2001) . In a year with larger rainfall in summer, relative humidity in the growing season becomes higher. In such a condition, the transpiration process on leaf surface does not increase the δ 18 O of leaf water very much , and the δ 18 O of tree-ring cellulose becomes lower than that in the case of lower relative humidity. Although the historical records on the monthly mean relative humidity did not have very high correlation coefficients with the δ 18 O of tree-ring cellulose throughout a year ( Fig.  8(a) ), we could find the highest (negative) correlation in July, supporting the mechanism of summer precipitation amount to affect the δ 18 O of tree-ring cellulose. Figure 8(b) demonstrates the correlations between the δ 18 O of tree-ring cellulose and the records of monthly precipitation amounts spanning 4 years from "2 years before" to "1 year after". We can find relatively large (negative) correlations with the winter precipitations not only in the year of tree rings but also in the previous year. Because there are not any apparent correlations with the winter precipitations in the periods 1 year after or 2 years before the tree-ring year (Fig. 8(b) ), we can conclude that the correlation with the winter precipitation in the previous year does not reflect an auto-correlation in interannual variations of the winter precipitation, but suggests a very long residence time of soil water over one year at the study area. It is also reasonable that the large (negative) correlations with the summer precipitation are not found except for the tree-ring year (Fig. 8(b) ), because the summer precipitation cannot leave any influence on the humidity of the next summer.
Historical variations in the averaged δ 18 O of two Q. crispula are illustrated in Figs. 9(a) and (b), together with the precipitation amounts in winter (Nov.-Apr.) and the mean relative humidity in summer (Jul.), respectively. Although the linear correlation between the δ 18 O and the two parameters are not very high (r = -0.405 and -0.226, respectively), the two parameters seem to regulate the δ 18 O of tree-ring cellulose in a compensational manner. During the decade after 1980, for example, the δ 18 O is too low in spite of the low winter precipitation amount, however in the same period, the relative humidity in July was extraordinarily high, compensating the high δ 18 O values of soil water to produce the lower δ 18 O of tree rings. Actually, a multi-linear regression equation using both of the two parameters (winter precipitation and summer humidity) can present a time-series having a better correlation with the δ 18 O of tree-ring cellulose (Fig. 9(c) ).
SUMMARY
The inter-annual variations in δ 18 O of tree-ring cellulose showed high correlation between individual trees and species at a conifer-hardwood mixed forest in northern Japan. This correlation suggests a common environmental control to δ 18 O and the usefulness of δ 18 O records for the reconstruction of paleoenvironments. The apparent time lag in the δ 18 O between two different species suggests that the residence time of soil water seems to influence the δ 18 O of tree-ring cellulose, and hydrological processes including the soil water dynamic might become a key component to elucidate the δ 18 O records of treering cellulose as has been suggested by Buhay and 27.52, -0.00119 and -0.03874, respectively Edwards (1995) .
Contrary to δ 18 O, the inter-annual variations in δ 13 C of tree-ring cellulose did not show any common patterns between individual trees and species. This is probably because ecological factors such as spatial heterogeneity in canopy atmosphere and/or light condition affect largely the δ 13 C of photosynthetic products. We could find completely different seasonal patterns between δ 18 O and δ 13 C in 4-years tree rings of a Q. crispula. The cyclic annual variation of δ 13 C suggests its physiological control, while the irregular seasonal change in δ 18 O may be partly interpreted by the temporal variation in the δ 18 O of soil water.
The linear regression analyses between the interannual δ 18 O variation of Q. crispula and the meteorological records indicated the relatively high negative correlations of δ 18 O with the precipitation amounts in both winter and summer seasons. Because there is a positive relationship between seasonal variations in the δ 18 O of precipitation and the air temperature in northern Japan, the δ 18 O of soil water during the growing season must become lower in a year with a larger snowfall amount. On the other hand, the negative correlation between the δ 18 O of tree-ring cellulose and the summer precipitation suggests the effect of relative humidity on the δ 18 O of leaf water, which become lower in a year with a higher relative humidity (a larger precipitation amount) in summer.
As a result, we can conclude that the δ 18 O of tree-ring cellulose in the studied forest is governed by different two parameters (winter precipitation amount and summer relative humidity (summer precipitation amount)) as well as previous reports (Burk and Stuiver, 1981; Saurer et al., 1997; Anderson et al., 1998; Robertson et al., 2001) , suggesting a usefulness of the δ 18 O of tree-ring cellulose as a proxy for paleo-hydrological analyses in northern Japan. However, the correlation coefficients between the climate parameters and the δ 18 O of tree-ring cellulose obtained in this study are relatively lower than those reported previously in Europe (Saurer et al., 1997; Anderson et al., 1998; Robertson et al., 2001) . Especially for the air temperature, we could not find any significant correlations with the δ 18 O of tree-ring cellulose. This is probably due to the multiple source areas of water vapor surrounding the study site (Fig. 1) , which are coupled with the monsoon system in East Asia and may influence the δ 18 O of precipitation at the study area in a way independent from the air temperature. Because the water vapor originating from Japan Sea has distinctly higher deuterium excess values than that from Pacific Ocean (Waseda and Nakai, 1983) , the combination of δD and δ 18 O in the analyses of tree-ring cellulose might present a new insight to reconstruct the past changes in the atmospheric circulation patterns around the East Asia region.
